In this study, La x Mo y O z powders were synthesized by a cost-effective solid-state synthesis method. Four different heating cycles were designed to investigate the effects of synthesis temperature and holding time on lanthanum molybdate (LMO) formation, phase assemblies, particle size and morphology. X-Ray Diffraction (XRD) and scanning electron microscopy (SEM) studies were performed to observe crystal structure and particle morphology of synthesized powders. The results showed that nearly ninety percent β -La 2 Mo 2 O 9 (43,3 nm crystal size) phase was obtained at 1000 °C for 6 h holding time. Longer holding times at 1000 °C favor more oxygen-rich compounds which cause recrystallization of various new crystalline phases. The grain size of the synthesized powder was increased from 0,2 µm to 1,5 µm with increasing holding time. In summary, it is possible to manufacture LMO powders rich in β -La 2 Mo 2 O 9 by one -step solid -state synthesis method. The phase assembles and particle size of LMO powders could also be tailored by optimization of heat treatment cycle.
INTRODUCTION
For a decade, lanthanum molybdates has been investigated for ionic conductors because of their high ionic conductivity at about low temperatures (400-800°C) and it is also a candidate for electrolyte materials to be applied on solid oxide fuel cells SOFCs, oxygen sensors, oxygen pumps and oxygen-permeable membrane catalysts [1] . Therefore, due to its excellent ionic conductivity, La 2 Mo 2 O 9 can be an alternative option to the materials such as yttria-stabilized zirconia (YSZ) which are used for aforesaid application areas [2] . Moreover, low thermal conductivity and good thermal expansion coefficient of La 2 Mo 2 O 9 makes this material a suitable candidate for such applications like thermal barrier coatings (TBCs). There can be found new attractive applications for La 2 Mo 2 O 9 by combining of nanotechnology and thin film characteristics of the powders.
A number of studies have been carried out on different ceramic top layer coating materials for thermal barrier coatings (TBCs) such as La 2 [3] [4] . La 2 Mo 2 O 9 which is the other oxide and the subject of present paper is an important research in recent years due to its remarkable properties. Its excellent ionic conductivity at high temperature is better than YSZ [5] . Therefore, La 2 Mo 2 O 9 is a good candidate for TBC material due to its lower thermal conductivity than YSZ [6] .
Various research studies have been performed about synthesis of La 2 Mo 2 O 9 . Lopez et al. [7] studied that La 2 Mo 2 O 9 , has been synthesized using freeze-dried precursor at lower temperature. Then their thermal, electrical properties and XRD analysis compared. In another study, Sellemi et al. [8] investigated that different synthesis method by using polyol processes. Polyol solvent is used in this process and heat treatment is far lower than the commercial synthesis. La 2 Mo 2 O 9 oxide-ion conductor has been synthesized by microwaveassisted combustion method. The microwave sintered La 2 Mo 2 O 9 sample exhibited a conductivity of 0.159 S/cm in air at 750 °C [9] .
The red-emitting fine La 2 Mo 2 O 9 :Eu 3+ powder phosphors havebeen synthesized with hydrothermal method [10] . Although, there are many powder synthesized studies with dopants, it has structural phase transition at low and high temperature which restrict the practical use of La 2 Mo 2 O 9 powder. Explanation of the phase transitions and phase formations have not been clearly understood. Therefore, it is essential to explain phase structure and their transitions depending on the temperature and time.
The dense bulk samples of La 2 Mo 2 O 9 have usually been produced by solid state reaction. However, in order to increase the efficiency of La 2 Mo 2 O 9 formation, multiple-ball milling steps are used to reduce the grain size of the powders in the conventional manufacturing process. In addition, heat treatment is applied more than once to support phase transformation. That lead to some disadvantages. Such as higher production cost and possible contaminations from balls, mill and sieves used in ball-milling process. So, the preparation of nanocrystalline powders by single stage synthesis make an advantage to provide clean, pure and dense samples at low temperatures with lower manufacturing cost.
In present paper, La 2 Mo 2 O 9 powders were synthesized by cost-effective single-stage solid-state synthesis method. The effects of synthesis temperature and time on La 2 Mo 2 O 9 phase formation were investigated. Starting composition was designed with respect to La 2 O 3 -MoO 3 dual phase equilibria. In summary, the synthesis conditions for the formation of La 2 Mo 2 O 9 using solid state reaction were initially optimized and the results were discussed.
EXPERIMENTAL PROCEDURE
La x Mo y O z powders were synthesized by using solid-state reaction method. The LMO compositions were designed according to La 2 O 3 -MoO 3 dual phase equilibria. Lanthanum (III) oxide (La 2 O 3 -99.9%, Sigma Aldrich) and molybdenum trioxide (MoO 3, 99.9%, Sigma Aldrich) oxides in a 1:2 molar ratio was milled for 12h via conventional ball milling by using zirconia balls. In order to obtain homogeneous submicron particles, 2-propanol (99.5 %, Sigma Aldrich) was used as milling medium. The ball to powder ratio was determined as 1.5:1, according to the filling of 10 vol.% suspension in a closed packed system of spherical balls (of approximate 3-5 mm radius). Then, the mixture slurry was dried at 80 in oven to remove the alcohol. The dried powders were heat treated at atmospheric conditions in a muffle furnace (Protherm, PLF 120/30) for 3-10 h at 900 and 1000 ºC in alumina crucibles. The phase composition of the synthesized LMO powders was analyzed using the X-ray diffraction method (XRD, Rigaku Smartlab) with Cu Kα radiation (λ= 1.540 Å) from 10° to 80° and a scanning speed of 1°/min at room temperature. Scanning electron microscopy (SEM, Jeol JSM-7001F) studies were performed to observe the particle morphology of synthesized powders. The average particle size of sintered samples calculated by means of Image-j and Fiji image analyze programs which are freely available in the public domain [11] [12] .
To investigate the effects of the heat treatment cycles on phase assemblage and particle morphology of LMO powders four different heat treatment route were designed. Because of structural phase transition of α-La 2 Mo 2 O 9 (monoclinic) to β-La 2 Mo 2 O 9 (cubic) occurs at about 550°C, all cycles include a soaking step at this temperature. Also starting powder mixture named as Ts0 were characterized as reference sample. The sample codes and heat treatment steps depending on time and temperature were clearly shown in 
RESULT AND DISCUSSION
The XRD results shows that all samples contain multiple LMO compound. Also, the strong and sharp diffraction peaks suggest that samples are highly crystallized. It is notable that all samples include La 2 Mo 2 O 9 due to the reason that starting powder mixture composition lies on La 2 Mo 2 O 9 compound. However, phase assemblage of the samples differs according to the heating cycle. Fig 2 presents Paul Scherrer derived a well-known equation for relating the crystallite size to the peak width, which is called the Scherrer formula Eqn (1). This equation is a widely used to determine the crystallite size of polycrystalline samples [13] . (1) where t is the averaged size of crystallites; 0.9 is the Scherrer constant; λ is the wavelength of X-ray; and B is the "full-width at half maxima" (FWHM) (in radians 2θ) located at 2θ.
The average crystal size of the LMO samples calculated by using from Eq.(1). Fig 4  shows that by increasing heat treatment temperature and holding time (Ts1 to Ts3) the average crystal size of LMO powders increases 40.94 nm to 66.7 nm. This result confirm the previous studies which have greater than 30nm La 2 Mo 2 O 9 crystal size [14] . There are lots of advantages to obtain the powders in the nanocrystalline size: they ensure faster densification kinetics, lower heat treatment temperatures, better mechanical properties and enhancement of electrical properties [15] . However, the average crystal size of Ts4 sample lower than Ts3. This outcome can be explained by recrystallisation of La 6 Mo 8 O 33 phase. According to the XRD results, the amount of La 2 Mo 2 O 9 phase was reduced by increasing the holding time from Ts3 (1000°C, 6 hours) to Ts4 (1000°C, 10 hours), and new La 6 Mo 8 O 33 crystals were formed.
The XRD and Scherer results show that, calcination temperature and time have critical role for phase formation, crystallization and sintering behavior. These properties are directly related with diffusion phenomena. Eqn (2) and Eqn (3) give the effect of the time and temperature on the powder properties [16, 17] . As given the Scherer calculations, the crystallite size of the LMO samples are increases with increasing temperature and time. With increasing temperature and time enhance the easy atomic movement between the particles which causes to develop the crystal size. D= D 0 exp ( ) (2) where D is the diffusion coefficient, D 0 is the constant, Q is the activation energy, R is the universal energy, R is the universal gas constant and T is the temperature.
In this equation, D is the diffusion coefficient radial distance, and t s is the calcination time.
The SEM images and the particle size distribution graphs of the synthesized powder are given in Fig 5. All powders have equiaxed and irregular shaped particles. The particle size of LMO powders increases and the particle size distribution become widen by increasing heat treatment temperature and holding time. Its observed that the average particle size of the powder increased from 0.2 µm to 1,5 µm by changing the heating cycle from Ts1 to Ts4. In general, the phase transition occurs nearly 600 °C for LMO. Therefore, many studies concentrated on to stabilize crystal structure, electrochemical properties and particle morphology using rare-earth additives. In these studies, oxygen diffusion has a critical role for both transformations of phases and non-stoichiometric phases. The oxygen diffusion is hard due to the difficult oxygen exchange process at the surface. The oxygen diffusion coefficients have been used to evaluate oxygen transport properties for ionic conductive ceramics. Also, the oxygen surface exchange coefficient gives detail about the surface exchange kinetics. Because of these considerations, the phase transformation, morphology and non-stoichiometric phases have been obtained difficult oxygen diffusion which depends the self-diffusion coefficient by a geometric correlation factor. This factor was reported as 0.66 and 0.653 for cubic α-La The EDX and EDX-mapping of TS2 coded LMO powder analyses are given in Fig 6. It is clearly shown that La, Mo and O peaks comes from the LMO powder. Also, mapping signals confirm the O, Mo and La elements in red, blue and green distribution, respectively. 
CONCLUSIONS
The results of this study can be summarized as:
− La x Mo y O z powders were successfully fabricated by using cost efficient single stage solid state synthesis technique. − Four different LMO phase (La 2 Mo 2 O 9 , La 6 Mo 8 O 33 , La 2 Mo 3 O 12 , La 2 MoO 6 ) produced. − Nearly 90% La 2 Mo 2 O 9 phase formation was observed by using 1000 heat treatment temperature with 6h holding time (Ts2 conditions). − The LMO powders having average nano crystal sizes were obtained and they tended to increase by increasing heat treatment temperature and holding time changing from 40.94 nm to 66.7 nm. − It is possible to tailor phase assembles and particle size of LMO powders by controlling heating cycle. − Longer holding time on atmospheric conditions favors the oxygen rich LMO compounds.
